[1] Marine ice, sometimes as part of an ice mélange, significantly affects ice shelf flow and ice fracture. The highly heterogeneous structure of the Brunt/Stancomb-Wills Ice Shelf (BSW) system in the east Weddell Sea offers a rare setting for uncovering the difference in rheology between meteoric and marine ice. Here, we use data assimilation to infer the rheology of the Brunt/Stancomb-Wills Ice Shelf by an inverse control method that combines interferometric synthetic aperture radar measurements with numerical modeling. We then apply the inferred rheology to support the hypothesis attributing the observed 1970s ice shelf flow acceleration to a change in the stiffness of the ice mélange area connecting Brunt proper with Stancomb-Wills and to examine the consequences of frontal rift propagation. We conclude that while the Brunt/Stancomb-Wills system is currently not susceptible to extreme fragmentation similar to that of the Larsen B Ice Shelf in 2002, our inverse and forward modeling results emphasize its vulnerability to destabilization by relatively rapid changes in the ice mélange properties, resulting from the interaction of its marine ice component with ocean water, or by the further propagation of a frontal rift.
Introduction
[2] The disintegration of ice shelves along the Antarctic Peninsula over the past two decades demonstrated unambiguously the link between the removal of ice shelves and the acceleration of their tributary glaciers Scambos et al., 2004] . This increased discharge of continental ice to the ocean contributes directly to global sea level rise and emphasizes the need for improved understanding of ice shelf evolution in a warming climate.
[3] Marine ice is an important factor in ice shelf stability, both in the manner that its presence affects ice shelf flow and mechanical properties, and in its interaction with fracture features. Several Antarctic ice shelves have been shown to be composed of marine ice, several tens of meters in thickness, at many locations [e.g., Morgan, 1972; Oerter et al., 1994; Fricker et al., 2001] . Distinct from meteoric or sea ice, marine ice forms when frazil ice crystals accumulate at the base of an ice shelf as part of the thermohaline circulation in the underlying cavity [Jenkins and Bombosch, 1995] and subsequently consolidate into layers, the lower of which can be highly porous [Engelhardt and Determann, 1987; Craven et al., 2005] . Fracture, itself a critical aspect of ice shelf stability, is often affected by marine ice, which can fill rifts and bottom crevasses Khazendar and Jenkins, 2003] . The heterogeneous material composed of marine ice, sea ice, ice shelf debris and firn is referred to as an ice mélange. Several investigators [Ardus, 1965; Stephenson and Zwally, 1989; Doake and Vaughan, 1991] have suggested that the ice mélange acts as a binding material that slows or halts rift enlargement or, on a much larger scale, holds extensive segments of an ice shelf together. Rignot and MacAyeal [1998] and MacAyeal et al. [1998] showed that the ice mélange tends to deform coherently in reaction to ice shelf flow and that it has sufficient mechanical strength and integrity to bind large tabular ice shelf fragments to the coast, and Larour et al. [2004] found that ice mélange in rifts exerts a major influence on their propagation.
[4] A prominent feature of the system in the eastern sector of the Weddell Sea composed of the Brunt Ice shelf, where Halley Research Station has been located since 1956, and the Stancomb-Wills Ice Tongue, is that the two floating glaciers are connected by a large, visible expanse of ice mélange ( Figure 1 ). This mélange comprises 20-30% of the 29,000 km 2 surface area of the system [Hulbe et al., 2005] . Another smaller area of ice mélange separates the northeastern edge of Stancomb-Wills from Lyddan Island. The ice mélange thickness, which exceeds 100 m in many locations, cannot be explained by firn, ice shelf debris and sea ice alone and, hence, must contain a significant portion of marine ice. This is supported by ocean circulation modeling of the east Weddell Sea [Thoma et al., 2006] , which predicts that freezing at the ice-ocean interface under the ice shelf takes place at the grounding lines upstream from the two ice mélange areas. Satellite interferometry [Rignot, 2002] and forward numerical modeling [Hulbe et al., 2005; Humbert and Pritchard, 2006] have now clearly established the strong dynamic connection and interaction between the ice mélange area and surrounding meteoric ice of Stancomb-Wills and Brunt proper. Several other Antarctic ice shelves are known to be composed of meteoric ice sections that are held together by ice mélange bodies, including Larsen D, Shackleton and West ice shelves, and probably many others where the presence of ice mélange is not yet as readily discernable.
[5] In this paper, we seek to test the hypothesis that by applying data assimilation methods we can detect the difference in stiffness, as expressed in the values of the flow parameter, between the two types of ice because of the different temperature regimes and compositions. The flow parameter is the proportionality coefficient between stress and strain in Glen's flow law, which depends mainly on ice temperature, fabric, impurity and water content [Paterson, 1994] and can be written as
where s 0 is the deviatoric stress tensor, é is the strain rate tensor, e II is the second invariant of the strain rate tensor, n is the power flow law exponent, and B is the flow parameter.
[6] Constraining the rheological properties of the ice is fundamental for accurate ice shelf forward modeling. The increasing availability of satellite-borne interferometric synthetic aperture radar (InSAR) observations has made possible the fruitful application of inverse modeling techniques to infer the rheological properties of ice sheets. Data assimilation on ice shelf rheology has been thus far applied to estimate the viscosity of the Ross [Rommelaere and MacAyeal, 1997] , the flow parameter of Ronne [Larour et al., 2005] , and that of Larsen B [Vieli et al., 2006 [Vieli et al., , 2007 Khazendar et al., 2007] ice shelves.
[7] We then apply forward modeling using the inferred rheology field to examine the flow of the ice shelf, in particular its hitherto unexplained acceleration during the 1970s, and the influence of possible variations in the stiffness of the ice mélange areas. We then test the response of the flow field to a probable enlargement of an already existing frontal rift. These simulations, and the indications from the inferred rheology concerning the stiffness of the ice shelf and the role of marine ice in filling fracture, leads us to a discussion of the present state of stability of the BSW system and its possible evolution.
Input Observations and Model
[8] The ice shelf velocity field (Figure 2 ) is mapped by applying a speckle tracking technique to RADARSAT-1 data acquired in September -November 2000, with gaps filled using data acquired in 1997 and adjusted for small biases, assuming no temporal variability in the flow between the two years. Areas known to be stagnant such as ice rises and islands defined an absolute reference frame for the velocities. The accuracy of the measurements is about 10 m a À1 at 50 m posting, with tidal effects probably contributing to a larger error in ground range. Thus, given a repeat cycle of 24 days and an incidence angle of 35°, the error in range is approximately 20 m a À1 . Obtaining the speeds averaged over the 24-day repeat cycle ensures that errors due to tidal movements are insignificant. The 1997 data were acquired during the first Antarctic Mapping Mission (AMM-1) in the fall of 1997, while the 2000 data were acquired during the second Antarctic Mapping Mission (AMM-2) in the fall of 2000. Figure 2 shows that the flow of the Stancomb-Wills Ice Tongue dominates the measured velocity field, and is delimited on its northeastern and southern flanks by sharp velocity gradients. The highest measured speeds of around 1500 m a À1 are attained, not at the central and most advanced part of the ice tongue front, but at its edge where it meets the ice mélange area, thus confirming the findings of Hulbe et al. [2005] that the ice mélange area connects the two main parts of the BSW system and shifts the kinematic center of the system southward and westward.
[9] The grounding line is inferred from ERS-1/2 data (from 1996 for fast flow areas) and RADARSAT-1 (from 2000 for slower moving areas) using double difference interferometry with a precision of 100 m. Ice shelf elevations (Figure 3 ) are taken from the GLAS/ICE Sat laser altimeter digital elevation model of Antarctica [DiMarzio et al., 2007] generated from observations made between 2003 and 2005. Ice shelf thickness is calculated from these elevations assuming hydrostatic equilibrium and adjusting for the presence of firn. No detailed firn density profiles could be found for the BSW system, we therefore base our firn estimates on van den Broeke [2006, 2008] . These studies, which combine regional climate and firn densification models, predict that the 830 kg m À3 firn density depth to be 55 -65 m for the BSW area. The models, however, do not include surface melting, observed to occur on average during 8 -30 days annually [Liu et al., 2006] , which would increase firn density. Furthermore, the strong negative firn depth trend of the BSW area simulated by Helsen et al. [2008] and attributed mainly to decreasing accumulation also suggests higher firn density. We therefore adjust ice shelf thickness by assuming a uniform firn layer of 65 m, at the density of 830 kg m À3 . In this approximation, setting firn depth at the higher end of the 55-65 m simulated by van den Broeke [2006, 2008] should compensate for the lower density higher in the firn column. The density of ice mélange areas should be close to that of the rest of the ice shelf as fully consolidated marine ice, the main component there in addition to firn and ice shelf fragments, has the same density as meteoric ice within measurement error .
[10] The data assimilation process seeks a depth-averaged spatial distribution of the flow parameter that, when substituted into a finite element forward model, minimizes the difference between model output and observations. Analysis by Thomas [1973a] demonstrated the applicability of Glen's flow law to the Brunt Ice Shelf, including ice mélange areas, and we here use the MacAyeal [1989] ice shelf flow model, with InSAR velocity observations imposed at the grounding line. The inverse control method is based on the work by MacAyeal [1992] , with the modifications of having seawater pressure as the boundary condition at the ice front, and inverting directly for the flow parameter [Larour et al., 2004 [Larour et al., , 2005 . One advantage of the inverse modeling we implement here is that no special treatment is required for the ice shelf basal friction that occurs at the McDonald Ice Rumples east of Halley Station (Figure 1 ) as would be done in a forward modeling study by prescribing a friction parameter [Hulbe et al., 2005] . The presence of this area of grounded ice is already reflected in the measured velocity field and should accordingly imprint the inferred rheology distribution. The model is initiated with an approximate uniform value of the stiffness, B 0 , producing a first estimate of the misfit between modeled and observed velocities. The process is repeated with modified flow parameter values at least until the misfit variation falls below 1%.
[11] We define a model domain roughly similar to that of Hulbe et al. [2005] . Observations and model results are shown in polar stereographic coordinates. Our mesh contains about 21,000 elements, with element sizes varying between 500 and 3000 m for better representation of ice shelf geometry and features.
Results
[12] The inferred spatial distribution of the vertically integrated flow parameter, shown in Figure 4 , exhibits excellent correspondence with the structural and morphological features visible in the backscatter radar image of Figure 1 . Thus, the colder ice outflow of the StancombWills Ice Stream can be easily traced from the grounding line to the front by its relatively higher stiffness. At the northeastern flank of Stancomb-Wills, the highly crevassed narrow zone of strong shearing is faithfully reproduced as a strip of much weaker ice separating it from the area of stiff ice in the part of the Riiser-Larsen Ice Shelf included in our model domain. The other main area of marked fracture, south of Stancomb-Wills and composed of at least two linear rifts running in parallel to the grounding line (Figure 1) , is also accurately marked in the inferred rheology (Figure 4) . [13] Using the inferred rheology to run the ice shelf flow model and subtracting the observed velocity magnitude from its output gives the residual shown in Figure 4d . Modeled speeds deviate by less than ±50 m a À1 at most locations, in excellent agreement with observations. The highest residual is found on both sides of the strong shearing strip at the northeastern flank of Stancomb-Wills. Our data assimilation successfully simulated the weakness of the ice along this boundary, but the decoupling is probably incomplete. Hence, the almost stagnant ice of Riiser-Larsen still feels the pull of the much faster Stancomb-Wills, which results in our forward model, using the inferred rheology, overestimating its speed. The opposite effect takes place on the Stancomb-Wills side. [15] The distinct rheology of the two types of ice in the current setting is largely due to their different thermodynamic regimes. According to the field and experimental data sets compiled by Paterson [1994] , the meteoric ice flow parameter range inferred here corresponds to temperatures between À21°C and À15°C, while that of the ice mélange to À11°C to À7°C. Because marine ice forms in the ocean, it is possible to constrain its approximate temperature from the surface and bottom temperatures of the ice shelf, making the assumption that there was little thermal exchange with meteoric ice. The temperature at the interface between the bottom of the ice shelf and ocean is close to À2°C [Fofonoff and Millard, 1983] , the freezing temperature of seawater. An indication of the surface temperature of the ice shelf is given by the long-term mean temperature of À18.5°C measured at Halley Station for the period 1957 -1995 [van den Broeke, 2000 . These two boundary temperatures therefore reasonably bracket the temperature range implied by our rheology results for the ice mélange, and the agreement further demonstrates the reliability of the flow parameter values we inferred for these areas.
[16] Meteoric ice, on the other hand, is mostly advected from the interior of the continent and is therefore certain to be colder than marine ice. We constrain its temperatures by the measurements of Renfrew and Anderson [2002] from a weather station on Coats Land, 155 km to the South of Halley Station in the interior of the continent, which records mean seasonal surface temperatures varying between À31°C and À15°C. Furthermore, thermodynamic modeling by Hulbe et al. [2005] suggests that the bulk of the thickness of Sancomb-Wills at its grounding line is between À25°C and À15°C, again in good agreement with our results.
[17] While we could demonstrate the role of temperature in the inferred stiffness differences, the distinct crystallographic structure and salinity and impurity contents of marine ice [Moore et al., 1994; Eicken et al., 1994; Khazendar et al., 2001 ] may play a part, but which cannot be discerned in the present study. Rist et al. [2002] studied the mechanical fracture behavior of both meteoric and marine ice under certain conditions, finding that fracture toughness related to crevasse propagation is slightly higher for marine ice, but such processes are also not included in our model.
[18] Finally, in the zones of intense fracture and shearing the flow parameter is mostly between 0.2 Â 10 8 and 0. ) [Paterson, 1994] . Investigators of ice shelf processes have already drawn attention to ice conditions that would no longer conform to some of the underlying assumptions of Glen's flow law of homogeneity, continuity and isotropy [Rommelaere and MacAyeal, 1997] . Hence, these low flow parameter values are not only a manifestation of the intrinsic properties of the ice, but also of the presence of fracture, which translates as higher strain rate and correspondingly lower inferred stiffness, as the forward model, which is based on the assumptions of continuum mechanics, attempts to accommodate the observed velocities of fractured areas of the domain.
[19] Along the ice shelf front of Brunt proper, the highest flow parameter values are around the McDonald Ice Rumples, where the resistance that ice shelf flow encounters at this ice rise manifests itself as stiffer ice.
Simulation of the 1970s Ice Shelf Acceleration
[20] Insights into the possible role of marine ice are gained by examining the causes of the BSW acceleration during the 1970s, which occurred irregularly over the period from 1972 to 1982. Simmons and Rouse [1984] and Simmons [1986] calculated that the westward speed of Halley Station increased from 431 ± 22 m a À1 for the period 1968 -1971 to 740 ± 9 m a À1 for the period 1972-1982. The former authors thought that it was unclear whether a calving event in 1971 -1973 would result in the observed sustained increase in velocity, leaving a generalized acceleration of the system, especially that of StancombWills, as a plausible explanation [Simmons and Rouse, 1984; Doake, 2000; Thomas, 2007] . Indeed, Orheim [1986] Further clues to the extent of these changes can be found in the backscatter radar image, which shows that the unnamed ice stream (Figure 1 ) has changed its flow direction producing the series of transverse rifts and crevasses that appear as a pronounced weakness in the inferred rheology. More salient still is the fault, revealed by closer examination of the ice surface elevation map (Figure 3) , extending from the grounding line to the front, along which the ice shelf was clearly broken resulting in the displacement of one side relative to the other. This shows that the two fracture features, N9 (Figure 1 ) and the big rift to the southeast of First Chasm, are actually part of the same fault. Hayes [2005] had speculated that fractures at the front and near the grounding line of Brunt could join.
[21] Here we simulate the accelerated flow of the BSW system using velocity observations from the 1970s at two different locations of Halley and the front of StancombWills [Simmons and Rouse, 1984; Simmons, 1986; Orheim, 1986; Lange and Kohnen, 1985] to better constrain, and more conclusively compare with, the output of our experiments. An initial test, using the inferred rheology (Figure 4a ), excluded acceleration of the outflow of the Stancomb-Wills Ice Stream into the ice shelf as the sole explanation of the observed changes during the 1970s, because replicating these observations required an unrealistic ninefold increase in the outflow velocity at the grounding line. We therefore examine the possibility, which was noted by Simmons and Rouse [1984] and Doake [2000] , that these changes occurred as a result of modifications in the properties of the ice mélange areas. Furthermore, these occurrences could be cyclical, as suggested by recent measurements indicating that the ice shelf at Halley has been decelerating from about 750 m a À1 in 1999 to about 530 m a À1 in 2006 [British Antarctic Survey, 2007] .
[22] We hypothesize that the BSW system accelerated because the ice mélange area weakened during the 1970s.
This could have taken place as part of the notable changes in the eastern Weddell Sea at the time. Thus, the most extensive polynya on record formed in that region between 1974 and 1976 [e.g., Carsey, 1980 , probably as a result of deep oceanic convection [Gordon, 1982] , or changes in the interaction of large-scale circulation with seabed topography [Holland, 2001] bringing warmer deep water closer to the surface. Robertson et al. [2002] , on the other hand, discuss changes in the inflow of water masses into the eastern Weddell Sea in the early 1970s. Furthermore, theoretical work [Beckmann and Timmermann, 2001 ] identifies a temperature anomaly with decadal periodicity that travels counterclockwise along the Antarctic coast. The continental shelf off Brunt and Stancomb-Wills is relatively narrow, thus making the cavity beneath the ice shelf more accessible to warmer ocean water that could have weakened the layers of marine ice in the lower parts of the ice mélange areas. Fieldwork shows that fully consolidated bodies of marine ice can be underlain by layers of tens of meters of marine ice exhibiting a highly porous structure that makes it permeable to ocean water while still possessing mechanical integrity [Engelhardt and Determann, 1987; Craven et al., 2004 Craven et al., , 2005 . The latter two studies of a 480-m borehole in the Amery Ice Shelf revealed that the lower 200 m were composed of marine ice, the bottom 100 m of which were so porous that the brine channels and pores were hydraulically connected to the ocean.
[23] We simulate weaker ice mélange by imposing on its two main areas (Figure 4e ) a flow parameter value of 0.4 Â 10 8 Pa s 1/3 , which is the lowest value measured for ice in laboratory and field work [Paterson, 1994] , and is the middle point in our inferred range for the zones of weakest ice. Running the forward model with this rheology distribution produces speeds that are in reasonable agreement with those observed at the two reference points. Thus, the velocity magnitude at the front of Stancomb-Wills increases to 3800 m a À1 (Figure 5a ), consistent with Orheim [1986] , while the easting speed at the 1968 location of Halley Station reaches 836 m a
À1
. Noting that the latter speed is about a 100 m a À1 higher than that measured by Simmons and Rouse [1984] , and assuming that the weakness area of the transverse rifts and crevasses in the unnamed ice stream before the changes of the 1970s had the same general rheology of the stiffer surrounding area, we raise its flow parameter value to 1.3 Â 10 8 Pa s 1/3 (Figure 4e ) which yields a better agreement of 787 m a À1 (Figure 5b) . Thus, by making a simple modification to the rheology field inferred for the present-day BSW system, taking into account changes in the 1970s, we are able to reliably reproduce velocities observed during that period. This supports the hypothesis that the acceleration was caused by rheological changes in the ice melange areas.
Enlargement of the Frontal Rift
[24] One of the main areas of weaker ice, as pointed out above, is the prominent rift extending from the ice shelf front through the ice mélange area to the interior (Figure 1) . The presence here of extensive fracture revealed in our inferred rheology suggests that this could be a location where the frontal rift can widen and extend further into the ice shelf, perhaps acting as prelude to a future major calving event of the Stancomb-Wills Ice Tongue. The likelihood of rift widening here is raised by the findings of Leonard et al. [2008] that rifts at the front, being more exposed to warmer waters, are less likely to be filled with stabilizing mélange. This is also the area where ice shelf flow reaches its highest speed. We tested for the possible consequences on the flow regime of the BSW system by simulating a widening of the rift already visible in the radar image (Figure 1 ), tracing its possible future outline ( Figure 6 ) and progression inward along the line of abrupt change discernible in the observed velocity field (Figure 2a) . We ran the forward model using the inferred rheology with the enlarged rift and compared the resulting velocity magnitude field with that for the case of an intact ice shelf front. The result (Figure 6 ) clearly suggests that once the rift starts opening, the flow regime of the ice shelf will be modified in a manner that induces further enlargement. Thus, the western part of StancombWills upstream from the rift will increase in speed by 70 to 160 m a
À1
, while south of the rift the tendency is for the ice to slow down by about 30 m a À1 in places. Furthermore, Figure 6 shows that the flow north of the long southern rift will increase by up to 50 m a
, with little change on the southern side, which could result in that rift widening as well.
[25] The results of this simulation therefore point to the strong likelihood of further future widening and extension of the frontal and southern rifts.
Ice Shelf Stability
[26] The results presented above provide several indications to the current and future stability of the BSW system. Generally, the ice shelf is noticeably stiffer than the Larsen B Ice Shelf shortly before its disintegration [Khazendar et al., 2007, Figure 2] and in comparison contains fewer zones of weakness, which here are mostly located at the front, near the margins of the domain along the lines of sharp velocity gradients as well as along the grounding line of Brunt Ice Shelf. This latter area is dominated by extensive fracturing of the ice, most likely caused by the steep surface slope, as it arrives at the grounding line and starts to float [Ardus, 1965; Thomas, 1973b] . Yet farther downstream the ice in our inferred rheology field (Figure 4a ) appears to be more solid, implying that the open rifts and bottom crevasses must have gradually filled with marine ice, in addition to other mélange components, as they traveled toward the front in a process similar to that modeled by Khazendar and Jenkins [2003] . Also, the extensive fault between N9 and the rift southeast of First Chasm imprints the inferred rheology with a corresponding line of weakness relative to the surrounding ice, but not nearly as weak as the other main fracture zones in the system. This consolidation of previously fractured ice revealed here strongly supports the argument that areas of mélange including accreted marine ice play an important role in holding the disparate parts of an ice shelf together, therefore enhancing its stability.
[27] In addition, no major calving occurred after a fault traversed Brunt proper from its grounding line to the front which demonstrates the additional role of the McDonald Ice Rumples in holding that part of the ice shelf in place.
[28] The relatively high stiffness of the BSW system that we inferred here indicates that the ice shelf in its current configuration is unlikely to be prone to the type of rapid, extensive disintegration that occurred on Larsen B in 2002. On the other hand, our work shows that it could be vulnerable to other destabilizing factors, such as additional propagation of the frontal rift into the ice shelf. A recent analysis [British Antarctic Survey, 2005] emphasized the fact that the Stancomb-Wills Ice Tongue has been extending for the last 50 years and is currently at its most advanced state since 1915, and that its calving might represent a hazard to Halley Station if a calved section collides with Brunt proper. Our simulation shows that frontal rift propagation could become part of a positive feedback process, which could also enhance rifting elsewhere and destabilize the BSW system. Khazendar et al. [2007] showed the link that existed in the case of Larsen B between, on the one hand, major frontal retreat and, on the other, an accelerated KHAZENDER ET AL.: BRUNT/STANCOMB-WILLS ice shelf flow and enhanced fracture. Vieli et al. [2007] found a similar link.
[29] Over the longer term, the highly heterogeneous structure of the ice shelf, and the role revealed here that marine ice could play as part of the mélange in keeping its mechanical integrity and shaping its flow regime also exposes a possible vulnerability. Both the rate of formation of frazil crystals [Jenkins and Bombosch, 1995; Tison et al., 2001; Khazendar and Jenkins, 2003] , and the structural integrity of marine ice layers that result from their accretion, are highly sensitive to the properties of ocean water [Craven et al., 2005] . In particular, ice shelf basal melting rates are very sensitive to small changes in temperature. Thus, Rignot and Jacobs [2002] showed that a 1°C increase in oceanic thermal forcing can increase melting rates by up to 10 m a À1 , and Holland et al. [2008] found a quadratic relationship between total ice shelf basal melting and ocean warming. This, combined with the enhanced exposure of marine ice especially in its permeable layers, is important in explaining ice shelf flow changes on shorter time scales.
[30] Changes in ocean water properties can diminish the rate of frazil crystal accretion, increase melting and lower the mechanical competence of the already existing marine ice and, ultimately, the stability of the ice shelf. The narrowness of the continental shelf off Brunt and Stancomb-Wills makes their underlying ocean cavities more exposed to water masses from the Weddell Sea and any possible future changes in their properties or circulation patterns. In general, such interactions emphasize the strong link and interdependence between the evolution of ice shelves and that of the Southern Ocean at large.
Conclusions
[31] The methods and techniques employed in this work confirm the effectiveness of data assimilation in taking advantage of the increasingly available high-resolution satellite observations in the study of ice shelf processes. The results contribute to the study of the specific case of the Brunt/Stancomb-Wills Ice shelf, and the wider issue of mélange and marine ice in Antarctic ice shelves. We have inferred the flow parameter field of the Brunt/StancombWills system, which is valuable for improving forward modeling of its present and future flow regime; demonstrated the sensitivity of ice shelf flow to changes in the flow parameter; presented a plausible explanation for the observed ice shelf acceleration in the 1970s; and explored the potential risk it faces from rift enlargement or a change in the properties of the ice mélange areas. Our findings on Brunt give strong support to the general idea of ice mélange being able, at least partially, to fill ice shelf fracture, such as rifts and bottom crevasses, as well as larger expanses separating meteoric ice segments of an ice shelf and being an important factor in ice shelf stability.
[32] More generally, we have taken the first step in quantifying a difference in rheology between marine and meteoric ice outside of a laboratory setting by the use of remote sensing and numerical modeling methods. As marine ice forms the bulk of ice shelf thickness at many locations in Antarctica, allowing for its different stiffness is valuable for more accurate models of ice shelf flow and evolution. The simulations here present a strong demonstration of the role the changing properties of a marine ice body could have on the flow and stability of an ice shelf. This is more pertinent still given that marine ice can be highly porous in its lower layers, making its interaction with ocean water take place over a surface area that is much larger than would be the case at a nonporous ice shelf base, keeping its temperature closer to the freezing point and affecting its mechanical behavior. Importantly in the context of global climate change, with small changes in ocean water temperature known to result in large increases in ice shelf basal melting rates, the enhanced exposure of marine ice means that relatively small changes in the properties of ocean water in the subice shelf cavities could lead to rapid modifications in the flow of these ice shelves. This calls attention to the extent to which the vulnerability of many seemingly stable ice shelves could be underestimated.
